Abstract The satiating effect of fibre consumption has been related to gut hormones, such as peptide YY and leptin. These peptides may also influence cardiovascular (CVD) risk biomarkers. Nevertheless, there is wide interindividual variation in metabolic responses to fibre consumption. The objective was to investigate differences in the effects of soluble fibre, in the form of Plantago ovata husk (Po-husk) treatment, on CVD risk biomarkers according to selected polymorphisms in genes related to satiety. The study was a multi-centred, double-blind, placebo-controlled, parallel and randomised trial in mildmoderate hypercholesterolaemic patients (age range: 43-67 years). Eight polymorphisms in three genes related to satiety (LEP, NPY and PYY) were identified in 178 participants; 88 patients in the placebo (microcrystalline cellulose 14 g/day) group and 90 in the Po-husk (14 g/day) group, which had added to a low-saturated-fat diet for 8 weeks. The CVD biomarkers measured included the following: lipid profile, blood pressure (BP), glucose, insulin, hs-CRP, oxidised LDL and IL-6. Relative to the placebo, Po-husk consumption lowered the plasma total cholesterol concentration by 3.3 % according to rs7799039 polymorphism in the LEP gene (p \ 0.05). Furthermore, the Po-husk reduced systolic BP (mean [95 % CI]) by -8 mmHg (-14.16; -1.90) and hs-CRP by 24.9 % in subjects with the AA genotype of the rs16147 polymorphism in the NPY gene (32 % of our total population; p \ 0.05), which remained significant after Bonferroni correction. In conclusion, polymorphisms in the LEP and NPY genes potentiate the response to Po-husk, particularly the effects on systolic BP and the hs-CRP plasma concentration.
Introduction
Dietary fibre is a collective term for a variety of plant substances that are resistant to digestion by human gastrointestinal enzymes. Dietary fibres can be classified into two majors groups depending on their solubility in water. In humans, the structural or matrix fibres (lignins, cellulose and some hemicelluloses) are insoluble, whereas the natural gel-forming fibres (pectins, gums, mucilages and the remainder of the hemicelluloses) are soluble (Theuwissen and Mensink 2008) . Plantago ovata husk (Po-husk) is a source of natural, concentrated, soluble fibre. Several studies have shown that the consumption of soluble fibre such as Po-husk reduces the risk of developing cardiovascular disease (CVD) through reduction in total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels (Brown et al. 1999; Theuwissen and Mensink 2008; Anderson et al. 2009; Queenan et al. 2007 ). Moreover, it has been shown that soluble fibre is more effective in lowering blood cholesterol and LDL-C concentrations than insoluble fibre (Brown et al. 1999; Vuksan et al. 2011; Fernandez 2001; Jenkins et al. 2000; Solà et al. 2007) . Soluble fibre has also been shown to reduce other CVD risk biomarkers such as triglyceridaemia (Solà et al. 2010; Galisteo et al. 2010) , blood glucose levels (Ziai et al. 2005; Sierra et al. 2002) , arterial hypertension (He et al. 2004; Galisteo et al. 2005) and systolic blood pressure (Solà et al. 2010) .
Studies with humans and animals have shown that soluble fibre consumption is associated with altered circulating levels of the anorexigenic gut hormone peptide YY (PYY) (Beck 2010; Karhunen et al. 2010; Vitaglione et al. 2009 ) and of the adipocyte-released anorexigenic peptide leptin (Young et al. 2012; Artiss et al. 2006) . Furthermore, it has been demonstrated that PYY and leptin act on the hypothalamus, influencing the expression of some central signals such as the orexigenic peptide neuropeptide Y (NPY) (Roux and Bloom 2005; Batterham et al. 2002; Jequier 2002) .
Many studies suggest that PYY, leptin and NPY might also be related to CVD risk biomarkers. For instance, NPY has been linked with blood pressure (BP) (Baltatzi et al. 2008) , PYY has been associated with glucose metabolism and insulin resistance (Boey et al. 2007; Ukkola et al. 2011) , and leptin may have multiple effects on lipid metabolism (Lago et al. 2009 ).
The effect of diet on human health and disease is affected by differences in genetic background (Simopoulos 2010) . However, the possible interactions between soluble fibre consumption and an individual's genetic variability have rarely been studied. Furthermore, many of the genes that have been studied are related to lipid metabolism, such as apo E, apo A1 and fatty acid-binding protein 2 (FABP2) (Torres et al. 2009; Wu et al. 2007; Solà et al. 2007 ).
Several studies have described polymorphisms in LEP (leptin), NPY and PYY genes, and these genetic variations have been related to their expression levels and plasma concentrations (Itokawa et al. 2003; Hoffstedt et al. 2002) . Interestingly, these polymorphisms have also been associated with CVD risk factors, such as obesity (Torekov et al. 2005; Ma et al. 2005) , plasma lipids (Salminen et al. 2008) and BP (Ilveskoski et al. 2008) . These associations might indicate that polymorphisms in the LEP, NPY and PYY genes can modify the beneficial effect of fibre consumption on CVD risk biomarkers.
The aim of this study was to assess the effect of various polymorphisms in the PYY, NPY and LEP genes on the behaviours of CVD risk biomarkers, such as TC, LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), apolipoprotein (Apo), insulin, oxidation and inflammation biomarker concentrations in the plasma, insulin resistance and BP, in combination with the consumption of soluble fibre (14 g/day for 8 weeks) from the husk of Plantago ovata (Po-husk).
Subjects and methods

Study design and population
The population studied was selected from a previous study (Solà et al. 2010) . The study design and population have previously been described (Solà et al. 2010) . Briefly, the two-arm study was a phase IV-II, multi-centred, randomised, double-blind, placebo-controlled analysis of the effect of Po-husk on hypercholesterolaemia.
The participants were recruited between September 2005 and June 2007 and consisted of men and women more than 20 years of age, with LDL-C C3.35 mmol/L and B4.88 mmol/L, as well as at least one other major cardiovascular risk factor (age [45 years in men and [55 years in women, a smoking habit, high BP, HDL-C B1.03 mmol/L in men and B1.19 mmol/L in women, or a family history of premature heart disease). Exclusion criteria included diabetes mellitus, any other chronic disease, hypolipaemic treatment, TG [3.97 mmol/L, BMI [35 kg/ m 2 and a history of cardiovascular disease. All participants provided written informed consent prior to enrolment in the trial.
The randomisation code was computer generated. Participant assignment to the treatment or the placebo arm was at a ratio of 1:1. The number sequence for the subject, centre and treatment assignment were allocated via an interactive electronic response system by the Barcelona Randomisation Unit.
Of the participants considered potentially eligible, 209 were included in the study. After a 2-week run-in period with 10-13 % of saturated fatty acids (SFA) in the diet, these patients were randomly assigned to receive (n = 101; 45 men/56 women) the Po-husk (Plantaben Ò , Madaus S.A., Barcelona, Spain) treatment (14 g/day) or (n = 108; 46 men/62 women) a placebo (microcrystalline cellulose; 14 g/day) for 8 weeks. Blinding was maintained using matching placebo sachets that did not differ from the active fibre with respect to colour, appearance, or any other physical characteristic.
Po-husk was manufactured as a palatable, orange-flavoured, sugar-free product and was distributed in 4 sachets of 5 g each (70 % soluble fibre). The dosage was one sachet dissolved in 200 mL of water, taken 15 min before breakfast and lunch and two sachets before dinner.
During the intervention period, the percentage of saturated fatty acids (SFA) in the diet was set at B7 % within an isocaloric diet. At each of four clinical visits, diet compliance was monitored using 3-day dietary records and interviews with the dietician. On occasions, the participants were contacted by telephone without warning and invited to fill-in a 24-h dietary recall. In each visit, standard anthropometric data were obtained while participants were wearing lightweight clothing and no shoes. Participants were controlled to maintain their weight and were advised to maintain their usual physical activity.
The study was approved by the Clinical Research Ethical Committees of all participating centres as well as the AEMPS (Spanish Medicines Agency). This study was conducted according to the guidelines laid down in the Declaration of Helsinki. This trial was registered with CinicalTrials.gov, number NCT00502047, and EudraCT No. year-2004-002184-24. Biological samples and measurements Details of the blood collection and biomarker measurements have been published (Solà et al. 2010 ) and will be presented briefly here. A fasting blood sample was taken at baseline and at week 8 to measure safety and efficacy data. The biomarkers measured were the following: BP, serum TC, TG, HDL-C, ApoA-1, ApoB-100, high sensitivity C-reactive protein (hs-CRP) and glucose, using standard methods on an autoanalyser (Beckman Coulter-Synchron, Galway, Ireland), and interleukin 6 (IL-6) and ultrasensitive insulin by another autoanalyser (Beckman CoulterAccess Immunoassay Systems, Galway, Ireland). ELISA kits were used to measure plasma oxidised LDL (oxLDL) (Mercodia AB, Uppsala, Sweden), vascular adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) (R&D Systems, Minneapolis, USA). For each participant, LDL-C was calculated by means of the Friedewald formula (Friedewald et al. 1972 ) and insulin resistance was calculated by the HOMA index (Matthews et al. 1985) .
DNA isolation, SNP selection and genotyping
Genomic DNA from each subject was isolated from peripheral blood leucocytes using a cell package commercial kit (Servicios Hospitalarios, Spain). Polymorphisms in genes encoding proteins that exert or mediate anorexigenic effects and that has been related to CVD risk biomarkers were selected. We included only polymorphisms whose existence in Caucasian populations is documented according to literature data or publicly available databases. To ensure a wide number of subjects who are homozygous for the rare alleles, we selected only those polymorphisms with a minor allele frequency in Europeans of at least 10 %, as indicated by the single-nucleotide polymorphisms (SNP) public database (dbSNP; http:// www.ncbi.nlm.nih.gov/SNP). Moreover, only polymorphisms that were previously associated with relevant phenotypes, such as body mass index and body composition, or with gene expression levels were considered. This resulted in the selection of the following eight polymorphisms in three genes (Table 1) 
Statistical analyses
Deviation from Hardy-Weinberg equilibrium for genotype frequencies at individual loci was assessed using standard Chi-squared tests.
Continuous descriptive variables are expressed as the means ± standard deviations (SD), while genotype and allele frequencies are expressed as percentages. To compare the means of descriptive variables between treatment groups, an analysis of covariance was used (ANCOVA) for the continuous variables and the Fisher's exact test was used for the categorical variables. Student's t test was used to analyse the association of polymorphisms with baseline variables, and this was confirmed by ANCOVA with individual baseline variables as dependent variables and with polymorphisms and covariates, determined by stepwise regression (successive steps), as independent variables.
To study the treatment response differences according to genotypes, we calculated the efficacy variable as it changed from baseline to week 8. Observations with missing data were excluded from the analysis. The results are expressed as baseline-adjusted least-square means and 95 % confidence intervals (95 % CI) for each genotype and treated group. Polymorphisms that were associated with baseline variables were selected for the analysis. ANCOVA was used for all the analysis with the efficacy variable as the dependent variable and treatment, baseline values and covariates included in the model. Independent variables (covariates) were determined by stepwise regression (successive steps). Non-normally distributed variables were tested with a non-parametric Kruskal-Wallis test. We performed subgroups analysis by genotype categories with polymorphisms that showed an interaction with treatment on efficacy variables.
Analyses were performed under the recessive, dominant, overdominant and codominant models. Statistical significance was considered at p \ 0.05. We applied Bonferroni correction, to correct for multiple testing, by considering the number of studied genes for each efficacy variable.
Data were analysed using the SPSS statistical software, version 17.0 (SPSS INC, Chicago, IL, USA).
Linkage disequilibrium (LD) between polymorphisms was analysed with Haploview (version 4.1) using the expectation-maximisation algorithm (Barrett et al. 2005) .
Results
A total of 178 participants were genotyped; 88 patients in the placebo group and 90 patients in the Po-husk group.
The positions and functions of the polymorphisms selected in this study are reported in Table 1. Table 2 summarises the genotypic and allelic distributions in the studied population. All SNPs were in Hardy-Weinberg equilibrium.
Baseline variables of patients assigned to the placebo and Po-husk groups and treatment differences between groups in CVD biomarkers presented values with the same trend as those obtained in the previous study (Solà et al. 2010) . Table 3 shows polymorphisms associated with the baseline variables. Two polymorphisms presenting a borderline significant association were also included. The rs162430 polymorphism with TG concentration (p = 0.06) and rs5574 polymorphism with hsCRP concentration (p = 0.08). The analysis of linkage disequilibrium (LD) showed that polymorphisms rs16147 and rs5574 were in high LD (D 0 = 1.0; r 2 = 0.944), confirming previous results (Skibola et al. 2005) . Because rs16147 is a promoter polymorphism with established effects on NPY gene expression (Itokawa et al. 2003) , we focused our results primarily on rs16147. Table 4 Polymorphism rs16147 in the NPY gene was associated with an increased effect of Po-husk treatment in lowering systolic BP (sBP). Subjects with the AA genotype treated with Po-husk reduced their sBP by 5.5 % [-7.14 (-11.080; -3.199 mmHg)], while in the placebo group, sBP levels increased by 0.7 % [0.896 (-3.772; 5.564 mmHg)], with a total difference of 6.2 % (p = 0.011). The results persisted after adjusting for multiple comparisons (adjusted p = 0.025). Subjects carrying allele G presented a lower reduction in sBP levels, without significant differences with the placebo group.
Polymorphism rs16147 also affected the response of hs-CRP concentrations to treatment. Subjects with the AA genotype treated with Po-husk reduced their hs-CRP concentration by 18.5 % [-0.437 (-0.758; -0.117 mg/L)], while in the placebo group, levels increased by 6.3 %, with a total difference of 24.9 % (p = 0.03). Carriers of the allele G presented similar hs-CRP concentrations in both groups, without any reduction.
We identified a borderline significant association between polymorphism rs162430 in the PYY gene and Po-husk treatment response to TG concentration. Carriers of allele T treated with Po-husk reduced their triglycerides by 18.8 % (-0.240 (-0.498; 0.018 mmol/L)), while in the placebo group, triglycerides increased by 9.2 % (0.111 (-0.185; 0.407 mmol/L)), with a total difference of 28.0 %, although the differences between groups were not statistically significant (p = 0.08). Subjects with CC genotype presented a similar response in both groups, without any reduction in triglycerides concentrations.
Discussion
To our knowledge, this is the first study that reports an association between a polymorphism in the NPY gene and the beneficial effects of a soluble fibre, Po-husk, taken up through a proprietary formulation on CVD risk biomarkers. In our study, Po-husk reduced sBP by -7.1 mmHg in association with the rs16147 polymorphism in the NPY gene, found in 32 % of our population. Compared with the placebo group, this reduction was -8.0 mmHg, which is twice the -4.0 mmHg reduction observed with Po-husk treatment without considering the gene variations (Solà et al. 2010) .
The magnitude of the hypotensive effect observed in our study is clinically significant. The sBP mean net reduction with behavioural intervention that implements established recommendations (weight loss, sodium reduction, increased physical activity and limited alcohol intake) is -3.7 mmHg, and it is -4.3 mmHg when patients combine the established recommendations with the Diet Approaches to Stop Hypertension (DASH; increased fruit, vegetable, and dairy intake) (Appel et al. 2003) . Furthermore, the sBP reduction in -8 mmHg is close to that usually achieved with pharmacotherapy using b-blockers (approximately -5 mmHg) or angiotensin-converting enzyme (ACE) inhibitors (-8 mmHg) (Morgan et al. 2001 ), but without the side effects (Morgan et al. 2001) .
The association between soluble fibre intake and NPY levels has heretofore not been studied. Nevertheless, several studies have shown that consumption of soluble fibre increases the production of gut peptides, including PYY (Beck 2010; Karhunen et al. 2010; Vitaglione et al. 2009 ). Moreover, it has been described that these peptides act in the hypothalamus by disabling NPY release (Roux and Bloom 2005; Batterham et al. 2002) . Therefore, consumption of soluble fibre may be related to a decrease of NPY levels through the action of anorexigenic peptides such as PYY. It has been proposed that NPY may play a role in the regulation of BP. For instance, Coelho et al. (2004) reported that two receptors implicated in the action of NPY are involved in the development of hypertension in rats. Furthermore, it has been shown that plasma NPY concentrations are higher in hypertensive individuals (Baltatzi et al. 2008 (Baltatzi et al. , 2011 , and a functional polymorphism in the NPY gene has been associated with hypertension (Ilveskoski et al. 2008; Bhaskar et al. 2010) .
It has been shown that a putative SP1 transcription factor-binding site within the rs16147 stretch of the NPY gene sequence is lost within the rs16147 A allele (Itokawa et al. 2003) , implying that this allele may demonstrate lower NPY expression levels. In accordance with this, numerous studies have observed that the rs16147 G allele increases NPY expression (Itokawa et al. 2003; Shah et al. 2009 ). Our results support a role for the NPY gene in modulating hypertension and implicate the rs16147 polymorphism in a magnified response to soluble fibre consumption on sBP, particularly in those homozygous for allele A.
The interaction observed between the NPY rs16147 polymorphism and the effect of dietary fibre intake on plasma hs-CRP concentrations is a novel finding. Compared with the placebo group, subjects homozygous for the rs16147 A allele had a 24.9 % reduction in plasma hs-CRP concentration. Hs-CRP is a sensitive marker for systemic inflammation, and evidence suggests that NPY, via regulation of Y1-receptor expression on immune cells, plays a key role in inflammation (Wheway et al. 2007; Dimitrijevic et al. 2008) . Other data suggest that NPY can influence the synthesis and release of pro-inflammatory cytokines and their ability to alter acetylcholine release in the brain (Das 2001) . In addition, it has been hypothesised that inflammation may have a potentially important role in the development of hypertension and CRP protein levels have been associated with future development of hypertension (Sesso et al. 2003) . Recently, in patients with untreated essential hypertension, increased hs-CRP and ADMA levels were associated with microalbuminuria, suggesting the involvement of inflammation and endothelial dysfunction in vascular and kidney damage (Tsioufis et al. 2010) . Thus, our results might indicate that the inflammation process is involved in BP regulation by NPY gene variants.
Our results indicate that the beneficial effect of Po-husk intake in lowering the TC plasma concentration is variable depending on the rs7799039 polymorphism of the LEP gene. It has been shown that consumption of dietary fibre is inversely associated with plasma leptin concentrations (Kuroda et al. 2010; Murakami et al. 2007 ), and results from clinical studies indicate that there is a positive correlation between plasma leptin and the concentration of TC (Kastarinen et al. 2009 ). Several studies demonstrate that the rs7799039 polymorphism is associated with altered leptin levels (Ali et al. 2009; Yiannakouris et al. 2003) . Our results suggest that the rs7799039 polymorphism in the LEP gene may induce a dysfunction in the leptin-mediated signalling pathway and impair the peripheral effects of leptin on cholesterol metabolism. Although no earlier reports discuss the interactions between variants in the LEP gene and dietary fibre intake, the clinical significance of our results is limited. In this study, we identified a borderline association of the rs162430 polymorphism in the PYY gene with TG concentration. A reduction (18.8 %) in plasma TG was observed in carriers of allele T of the rs162430 polymorphism and, compared with the placebo was 28.0 %. This TG reduction was 7.3 % higher than the 21.7 % observed with Po-husk treatment without considering gene variations (Solà et al. 2010) . Furthermore, the magnitude of the TGlowering effect is clinically significant because the reduction achieved was similar to that which can be achieved by treatment with 1200 mg/day nicotinic acid (between 17 and 26 %), an agent that has several side effects (Brunzell 2007) .
It has been suggested that the hypotrigliceridaemic effect of dietary fibre intake is mediated in part by a possible delay in the absorption of triglycerides and sugars from the small intestine (Galisteo et al. 2008 ). The consumption of soluble fibre has been associated with increased levels of circulating PYY (Beck 2010; Karhunen et al. 2010; Vitaglione et al. 2009 ), and it has been shown that PYY acts to inhibit gastric mobility and acid secretion (Huda et al. 2006) . Furthermore, evidence strongly suggests that PYY stimulates jejuna apolipoprotein A-IV synthesis and secretion (Tso et al. 2004; Kalogeris et al. 1998) , and this apolipoprotein is involved in triglyceriderich lipoprotein metabolism (Hockey et al. 2001 ). In addition, PYY suppresses circulating concentrations of ghrelin (Huda et al. 2006) , and several studies suggest a role of ghrelin in the regulation of lipid metabolism (Barazzoni et al. 2005; Varela et al. 2011) . Finally, it has been demonstrated that PYY inhibits NPY neuronal activity, and various studies suggest that NPY plays a role in lipid metabolism (Blumenthal et al. 2002; Schwab et al. 2002) . All together, the results of our study suggest that the rs162430 polymorphism in the PYY gene may have a functional effect in altering PYY production and influencing the hypotriglyceridaemic effect of dietary fibre intake.
All in all, we propose that the beneficial effect of soluble fibre consumption on CVD risk biomarkers can be mediated in part by peripheral and central peptides the secretion of which is influenced by the consumption of soluble fibre. Concretely, the decreased levels observed in TG and TC by Po-husk intake can be mediated partly by an increase in PYY levels and a decrease in leptin levels, respectively, after Po-husk consumption. In addition, the alteration in PYY and leptin levels by Po-husk intake may influence the release of central peptides, decreasing NPY levels and affecting BP. Moreover, we propose that functional polymorphisms in PYY, LEP and NPY genes could be responsible in part for the interindividual variation in CVD risk biomarker responses to Po-husk consumption.
In conclusion, our data provide the first evidence that polymorphisms in the NPY and LEP genes can modulate the magnitude of the effects of Po-husk on CVD risk biomarkers, particularly the effects on sBP and hs-CRP plasma concentration. The screening of polymorphisms in the NPY gene, and possibly other genes related to satiety, may be useful in identifying individuals who are most likely to benefit from soluble fibre intake in the prevention of cardiovascular disease.
